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ABSTRACT

The current state of the art in planetary entry systems is
rapidly reaching its limitations. Inflatable aerodynamic
decelerators (IADs) represent a potential technology path
that can relax the size and deployment limitations of
aeroshells and parachutes. Historical programs aimed
at developing IADs demonstrated favorable performance
and structural behavior, yet for the most part were even-
tually discontinued. Two concepts in particular, the At-
tached Inflatable Decelerator and tension cone saw ex-
tensive theoretical development and testing. A summary
of those efforts is presented as a historical basis for a cur-
rent program to further mature the tension cone concept.
That program includes both computational and wind tun-
nel evaluation of a deployable tension cone.

1. INTRODUCTION

Planetary entry systems have historically relied on aero-
dynamic drag for deceleration. However, the technol-
ogy that generates this drag, namely rigid aeroshells and
supersonic and subsonic parachutes, is quickly reach-
ing its limitations. Supersonic parachutes in particular
have been noted to provide decreasing drag and stabil-
ity performance at Mach numbers above about 2.0. In-
flatable aerodynamic decelerators (IADs) represent a po-
tential technology path that can relax the size and de-
ployment limitations of aeroshells and parachutes. That
is, an IAD can serve to increase the drag area provided
by a rigid aeroshell while still keeping the diameter of
the aeroshell within launch vehicle payload fairing limits
Additionally, the aerodynamic characteristics of IADs al-
low them to be deployed at higher Mach numbers and

decelerator. For more comprehensive historical reviews
on supersonic aerodynamic decelerators, the reader is di-
rected to the survey paper of Cruz and Lingard [1]. Hy-
personic inflatable decelerators are thoroughly reviewed
in the survey papers of Rohrschneider and Braun [2] and
Hall [3].

2. EARLY IAD DEVELOPMENT

The concept of an inflatable aerodynamic decelerator can
be traced back to the early 1960’'s when NASA was be-
ginning to develop robotic planetary exploration missions
which would require atmospheric deceleration. Dur-
ing this time a variety of IAD configurations were ex-
plored with distinguishing characteristics that included
the mounting approach (e.g. attached or trailing), in-
flation method (on-board inflation system versus ram-
air), and shape (e.g. spherical or conical). Some of
the first wind-tunnel experiments were performed by Mc-
Shera [4] who explored drag and stability characteristics
of five distinct trailing IAD designs at Mach numbers up
to 4.65. These included two ram-air inflated configura-
tions, shown in Figure 1, and three closed configurations
requiring a separate inflation system, shown in Figure 2.

Of the five designs evaluated, McShera notes that all but
the front inlet ram-air model were quite stable and lacked
dynamic oscillations across a broad range of payload
trailing distances. In the case of the front inlet config-
uration full inflation was never achieved and a mass-flow
pulsation phenomena developed which subsequently led
to vibratory fabric loading and eventual material failure.
This behavior was eventually alleviated by the addition
of a porous screen over the inlet and by adding cups to

dynamic pressures than can be achieved by current super-channel the flow into the IAD. Drag coefficients for all

sonic parachute technology. This combination of earlier
deployment and increased drag over the rigid aeroshell
allows for the landing of heavier payloads.

This paper reviews historical efforts aimed at develop-

models varied between 0.6 and 1.1 with the ram-air mod-
els typically having lower drag coefficients.

Following McShera’s initial wind tunnel investigations
two primary shapes emerged that would garner a majority

ing supersonic IADs, in particular the Attached Inflatable of subsequent IAD research efforts. The first of these was
Decelerator and tension cone concepts, and describes andeveloped by Houtz [5] and centered around the concept
analysis and test program designed to increase the tech- of a so-called isotensoid IAD shape with fabric stresses
nical maturity of an inflatable supersonic tension cone that would be uniform in all directions. Beginning with
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Figure 1. Early ram-air inflated aerodynamic decelerator
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Figure 2. Early IAD configurations requiring a separate
inflation system [4].

an input pressure distribution, Houtz was able to derive a
set of differential equations which governed a family of

shapes exhibiting constant fabric stress. Once an initial
shape was derived, wind tunnel models could be fabri-

cated and tested to attain an actual pressure distribution.

This in turn could be passed back through Houtz’s equa-
tions to arrive at a refined, iterated isotensoid shape. Ad-
ditional iteration was possible, though typically not re-
quired. Examples of the type of shapes possible under
this method are provided in Figure 3.

The isotensoid shape was evaluated as a trailing IAD in
two separate atmospheric deployment tests with mixed
results. Successful operation of a trailing four-foot ciam
eter device with side mounted ram-air inlets was achieved
at Mach numbers from 4.2 to 0.4 [7]. Drag coefficients
for this test varied from 0.67 at Mach 4.2 to 1.45 at a
Mach number of 1.25 and back down to roughly 0.9 in the
subsonic regime. However, a later test of a similarly con-
figured 18-foot diameter device failed to achieve inflation
with the cause being attributed to severe whipping of the
IAD and subsequent material failure of one of the ram-air
inlets [8]. Though not discussed by the authors, this was
possibly due to the separation distance from the payload
being insufficient (the ratio of separation distance to pay-
load diameter was approximately 4.7), thus causing the

Figure 3. Example isotensoid IAD shapes [6].

IAD to be exposed to unfavorable wake.

Although tested as a trailing deceleration device, the
isotensoid shape was predominantly evaluated as an at-
tached IAD. In particular, concepts designed and fabri-
cated by the Goodyear Corporation, who referred to them
as attached inflatable decelerators (AIDs), saw extensive
theoretical development and testing [9]. Typical design
characteristics for these concepts are shown in Figure
4 and include a burble fence, gored construction, and
coated fabric.
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Figure 4. Design characteristics of the Goodyear AID
concept (adapted from [6]).

The burble fence generally added another 5-10% to the
maximum diameter of the AID model and served to pro-
vide constant point flow separation. Even though models
incorporating the burble fence provided lower drag coef-
ficients, the fence was nonetheless shown to be required
for stability in the transonic and subsonic flight regimes
[6]. The Nomex fabric was coated with Viton to reduce
porosity.

The initial experimental program for the AID concept in-
cluded a large-scale subsonic drop test, subsonic stabilit
tests, and supersonic wind tunnel evaluation. The sub-
sonic drop test was performed on a 36 ft. diameter model
via helicopter at an altitude of 4800 ft. Despite experi-



encing high wind loads, the model successfully achieved
ram-air inflation and produced a drag coefficient of 0.57
based on the total projected area. Stability tests included
subjecting models to horizontal gust loads and observing
the dynamic response. Results from these tests revealed
that the AID configuration would align very quickly to
the relative wind direction with little overshoot. The su-
personic wind tunnel testing was performed on a 5 ft.
diameter model, including a 5% burble fence, at Mach
numbers of 2.2 and 3.0 and a dynamic pressure of 120
psf. Initial canopy deployment was assisted by an water-
alcohol mixture that would vaporize at low pressure and
thus provide the initial canopy pressurization, exposing
the ram-air inlets to the free-stream. Test data showed
excellent agreement with the theoretical methods used to
predict performance and inflation behavior. A drag coef-
ficient of 1.14 was reported at Mach 3.0, versus a modi-
fied Newtonian prediction of 1.16. The ratio of internal
pressure to dynamic pressure was observed as 1.87, ver-
sus a predicted value of 2.0 based on isentropic flow rela-
tions. Additionally, the measured shape differed from the
predicted in only the axial direction, where the measured
depth value of 26.5 inches slightly exceeded the predicted
depth of 24.85 inches. These results led the program to
conclude that AID model performance was readily pre-
dictable. Other results of interest included full inflation
times between 0.17 and 0.27 seconds, the insensitivity
of the axial force coefficient to angle of attack variations
of up to 5 degrees, and an overall lack of deployment
"shock” loads commonly encountered during parachute
inflation. This latter characteristic was likely due to the
flow rate into the canopy decreasing as the internal pres-
sure approached twice the dynamic pressure.

Ensuing wind tunnel tests on the AID configuration ex-
panded the testing envelope to higher Mach numbers and
lower dynamic pressures. Using the same°1@@nical
aeroshell and 5 foot diameter configuration as before, one
test achieved successful deployment at a Mach number of
4.4 and dynamic pressure of 74.5 psf [10]. The test con-
tinued for a total of 66 minutes and included variations in
dynamic pressure from 36 to 117 psf and angle of attack
from 0 to 10 degrees. Steady and flutter free behavior was
reported at all conditions tested.

Modifications to the basic 120configuration shown in
Figure 4 were also explored and included in several mod-
els fabricated by Goodyear [11]. Though they continued
to employ canopy mounted ram-air inlets, later Goodyear
models sought to eliminate the need for the water-alcohol
solution by installing deployable inlets directly into the
payload aeroshell, as shown in Figure 5. Another ap-
proach taken was to use a set of primary ram-air inlets
located just behind the edge of the aeroshell forebody that
would be deployed by springs. This set-up, shown in Fig-
ure 6, would eventually be tested on both a126d a
140 forebody. Results from tests using the 140re-
body yielded drag coefficients as high as 1.3 when the
burble fence was removed but otherwise demonstrated
similar performance to tests run using a 12Z6rebody
[12]. These tests reinforced the notion that the AID’s drag
coefficient was relatively insensitive to variations in Eng

of attack, dynamic pressure, and Mach number.

Figure 5. Deployable aeroshell ram-air inlets for AID
inflation [11].

Figure 6. Spring loaded ram-air inlets on a 140
aeroshell (adapted from [12]).

Once initial results from the inflatable decelerator tests
were reported, efforts were begun to analyze the flight
regimes in which they would be favorable over traditional
parachutes. For example, Anderson et al. recognized
that the mass of a given decelerator was dependent on the
loading, and thus dynamic pressure, at which it would be
flown [13]. With that in mind, they developed mass es-
timating relationships for several different concepts as a
function of size and loading conditions. These estimates
were then scaled by each concept’s drag area contribu-
tion, yielding a decelerator ballistic coefficient. Result
from this analysis approach are shown in Figure 7, where
the abscissa corresponds to a required drag area and dy-
namic pressure condition and the ordinate is the decel-
erator ballistic coefficient. In general, for a given dy-
namic pressure and drag area combination, a lower value
of decelerator ballistic coefficient indicates a more effi-
cient decelerator. Although the trailing isotensoid config
uration performed poorly in Anderson’s analysis, the at-
tached AID configuration did show promise in cases that
require large drag areas or were exposed to high dynamic
pressures. These results highlight a key aspect of super-
sonic inflatable decelerators, that they perform well in su-
personic environments but traditional parachutes tend to
provide a more efficient solution in the subsonic regime.

Recognizing that parachutes are more efficient closer to
terminal conditions, Bohon and Miserentino evaluated
entry systems that utilized both an AID device and a
terminal parachute [14]. Results comparing a combined
parachute and AID system mass to landed payload mass
for a Martian atmospheric entry are shown in Figure 8.
Overall, Bohon and Miserentino concluded that inclusion
of the supersonic AID allowed for deployment restric-
tions on the terminal parachute to be relaxed, leading to
an increase in landed mass.
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Figure 7. Decelerator ballistic coefficient as a function
of a required drag area/dynamic pressure combination
(adapted from [13]).

The significant research and development program sur-
rounding the AID concept effectively ended in the mid
1970's. Though not discussed in program literature, the
likely reason for this was the launch of the Viking probes
to Mars and the subsequent absence of a mission requir-
ing a supersonic decelerator. The AID concept was never
incorporated into a planetary mission. However, it did
find limited use as a stabilizer in munitions deployment
programs managed by the US Air Force [15].

3. TENSION CONE DEVELOPMENT

Another configuration studied concurrently with the
isotensoid shape was the tension cone. The tension cone
concept, shown in Figure 9, consists of a flexible shell
that is uniquely shaped so as to remain under tension and
thus resist shape deformation. The shape itself is an-
alytically derived on the basis of a predefined pressure
distribution, a desired drag contribution of the tension
shell, and an assumed constant ratio of circumferential
to meridional stress. The tension in the shell is resisted
at one end by a rigid forebody and at the other end by a
compression ring, in some cases consisting of an inflated
torus. Note that "tension cone” and "tension shell” are
terms often used interchangeably in literature. However,
in the context of this paper the tension cone corresponds
to the entry device as a whole and tension shell refers to
the axisymmetric portion between the rigid forebody and
compression ring.

The initial theoretical development for the tension cone
concept was done by Anderson et al. in 1965 [17]. Start-
ing from linear membrane theory, Anderson derived a set
of equations that could be used to solve for a unique ten-
sion shell shape from an initial axisymmetric pressure
distribution. As with the AID concept, iteration on the
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Figure 9. Typical tension cone decelerator [16].

shape was possible by first assuming a pressure distribu-
tion, testing that shape, and then passing the measured
pressure distribution back through the analysis to arrive
at arefined shape. In his initial work Anderson expanded
the tension shell relations for cases assuming both New-
tonian and uniform pressure distributions. It should be
noted that although derivation of a tension shell shape re-
quires an initial pressure distribution, the shape is it fac
insensitive to changes in dynamic pressure. The relations
also allow for one to solve for the circumferential and
merdional stress resultants at any point along the shell,
again assuming that the ratio of stress resultants is con-
stant.

Some of the first experiments involving the tension cone
focused on exploring the utility of the concept as a rigid
aeroshell forebody. For example, buckling behavior of
the tension shell was evaluated by Stroud and Zender



[18]. Using a variety of 35 cm diameter models fab-
ricated from plastic sheets of varying thickness, Stroud
and Zender attempted to simulate loading on the tension
shell by putting a vacuum on the back side of the model
and applying a vertical load on the nose. Three separate
shapes were evaluated including a uniform pressure ten-
sion shell, Newtonian pressure tension shell, and a blunt

cone shape. Both tension shell shapes were derived as- -

suming a zero circumferential stress resultant. Results
from their tests are shown in Figure 10.
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Figure 10. Buckling conditions for uniform and Newto-
nian tension shell shapes and blunt cone configurations
[18]. Solid data points correspond to cases that did not
buckle.

Based on these results, it was concluded that a Newto-
nian pressure derived tension shell would require roughly
50% more thickness than a uniform pressure derived ten-
sion shell. Both tension cone concepts showed significant
advantages over the traditional blunt cone shape, with
the blunt cone shape requiring wall thicknesses approx-
imately 2.5 and 1.5 times that of the uniform and New-

Figure 11. Schlieren imagery of tension shell shapes with
a 5% diameter nose radius at Mach 3 and adhgle of
attack [19]. Semi-vertex angles, from left to right, are
21.52,27.0,31.8, 38.3, and 47.0.

Increases in angle of attack were also observed to trig-
ger flow separation, with onset occurring later for models
with larger semi-vertex angles. Of note is that the group
of models with a semi-vertex angle of 4%the largest
evaluated, did not exhibit flow separation at nose radii up
to 40% of the model’'s diameter or at angles of attack up to
12°. Reynolds number variations from 1-3 x%€eemed

to have little effect on the conditions of flow separation.
Reported drag coefficients at Mach 3 varied from approx-
imately 0.7 for the shallower vertex angle models up to
1.55 for the larger angle models. These values were con-
sistently higher than those predicted by Newtonian the-
ory, indicating that the Newtonian flow assumption used
in deriving the tension shell shape was invalid. Static sta-
bility was achieved only on large vertex angle models and
was roughly equivalent to that of a 60one.

Follow on wind tunnel tests performed in 1967 evalu-
ated additional modifications to the tension cone geom-
etry [21]. These predominantly consisted of varying the
shoulder radius of curvature (the previous experiments
had used a flat shoulder model) and shortening the diame-

tonian shapes respectively. Stroud and Zender note that ter of the model by moving shoulder placement closer to-

they could only simulate a uniform pressure loading and
as a result the Newtonian tension shell experienced com-
pression loads in the circumferential direction that other
wise would not have been present in an actual Newtonian
pressure distribution. These compression loads likely led
to the shape buckling earlier than would be generally pre-
dicted. Two of the three uniform pressure models failed
to exhibit any buckling behavior and instead structural
failure occurred when the tension shell separated from
the nose cap.

Shortly after Anderson published his initial paper detail-

ing tension shell theory several sets of wind tunnel tests
were performed on small scale tension cone models with
the goal of exploring aerodynamic and stability charac-
teristics in supersonic and hypersonic condtions. The first

wards the nose of a given tension cone. This latter change
is equivalent to reducing the flow turning angle since the
shoulder is placed at a shallower point on the tension
shell. The models were again run at Mach 3 and Reynolds
numbers of 1 and 3 x 0 With regards to flow separa-
tion, models that rounded the shoulder and reduced the
shoulder turning angle were more favorable, though, as
shown in Figure 12, this generally came at the expense of
drag coefficient. The shape modifications were observed
to improve static stability. Calculations of the center of
pressure location generally showed that a turning angle
of no more than 70was required to locate the center of
pressure at the half-chord point.

As noted previously, drag coefficients that were being at-
tained from wind tunnel experiments generally failed to

of these evaluated nose bluntness and semi-vertex angle match the Newtonian predicted drag coefficient, suggest-

changes on multiple rigid models at Mach numbers of
3 [19] and 7 [20]. A defining characteristic of several
configurations involved flow separation along the tension
shell surface. In particular, models with shallow semi-
vertex angles or blunt noses were susceptible to flow sep-
aration and double shock waves, as depicted in Figure 11.

ing that the Newtonian flow approximation was a poor
one. Examination of the tension cone shock structure
indicates that the fundamental assumption in Newtonian
flow, that the shock and body are almost coincident and
the flow is moving nearly parallel to the surface, is not
adhered to. The first analysis of the effect of this idiosyn-
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Figure 12. Drag coefficient variation versus shoulder
flow turning angleg, for a pointed tension cone at Mach
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spond to sharp and rounded shoulder radii, respectively.

crasy on the derived tension shell shape was performed
by Sawyer in 1970 [16]. Sawyer generated two separate
tension cone pressure models, one derived using a New-
tonian flow assumption and the other using a pressure dis-
tribution derived from integral-relation theory (see [R2]
with the latter lacking an analytical solution and thus re-
quiring iteration on the derived tension cone shape. The
final shapes along with the assumed and experimental
pressure distributions are shown depicted in Figure 13.

P — Integral-relation theory, MOO: 3.0
P — Experiment, M = 3.0 (Integral-relation theory)
P — Experiment, M_= 3.0 (Newtonian shape)
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Figure 13. Comparison of integral-relation, Newtonian,
and experimentally derived shapes and pressure distribu-
tions at Mach 3 and Dangle of attack [16].

Even though the assumed pressure distributions for each

shape were drastically different, the final shapes differed
by less than 10% in the axial direction, implying a relative
insensitivity of the tension cone shape to pressure distri-
bution. Furthermore, the experimentally attained pres-
sure distributions differed little and were quite close to
the assumed integral-relation pressure distribution. To

conclude his analysis Sawyer took the experimentally at-
tained pressures for both models and passed them through
the tension theory relations to arrive at two final tension
cone shapes. These last profiles were nearly identical to
each other and deviated from the original integral-retatio
shape by less than 1%.

A majority of the inceptive work done in analyzing the
tension cone concept was applied to rigid models rather
than deployable, flexible models. However, structural as-
pects of inflatable tension cones were not ignored and
several important studies were undertaken. For exam-
ple, Weeks recognized that inflatable rings could be ad-
vantageous as stiffening elements in deployable entry de-
celerators, such as a tension cone compression ring, and
thus analyzed buckling behavior for a pressurized torus
[23]. Assuming a membrane material that contributed
zero bending stiffness to the torus wall, Weeks examined
conditions leading to both an in-plane buckling mode and
and out-of-plane, twisting mode. Loads leading to buck-
ling were noted to be dependent on the manner in which
they were applied during buckling, so criteria were devel-
oped for conditions of constant-direction loading, radial
loading, and for the in-plane mode only, hydrostatic load-
ing. Solutions for each of those criteria indicated that
for identical geometries and material properties, out-of-
plane buckling would occur for lower loading conditions
than in-plane buckling. Within each mode, a condition of
constant-direction loading was calculated to induce buck-
ling at a lower load than for the condition of radial load-
ing. Weeks also pointed out that it was advantageous to
minimize the ratio of torus cross-sectional radius to total
radius as it increased the critical buckling load.

Testing and validation of the relations developed by
Weeks was performed as part of a larger study on ten-
sion cone deployment mechanics by Kyser [24]. In these
tests tori of two different slenderness ratios were manu-
factured and placed in laboratory rigs capable of apply-
ing uniform compressive loads and simulating a radial
loading condition. The testing rigs employed consisted
of a toggle harness and a vacuum bag, depicted in Figure
14. Of note is that tori were manufactured by winding
Dacron fiber over an elastomer bladder and then bond-
ing the fiber to the bladder with resin. This required
augmentation of Weeks’ original buckling relations and
a netting analysis was used to estimate the material sec-
tion properties that resulted. In addition to the in-plane

Figure 14. Toggle harness (a) and vacuum bag (b) instru-
ments used for evaluating torus buckling (adapted from
[24]).



and out-of-plane buckling modes, these tests also looked
for a localized wrinkling mode of the torus walls which
would occur when the compressive hoop force applied to
the torus exceeded the hoop pre-tension associated with
torus pressurization. Results from the vacuum bag tests
on the slender torus are shown in Figure 15.
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Figure 15. Buckling load results on a slender, filament-
wound torus tested in a vacuum bag harness [24].

For the slender torus theoretical predictions of the condi-
tions of localized wrinkling of the torus wall were shown
to match very well with test data. In-plane buckling re-
quired slightly higher loads than predicted. Buckling was
observed to occur very rapidly and shortly after the first
appearance of localized wrinkling. Out-of-plane buck-
ling failed to occur at all, an outcome attributed to the
vacuum bag restricting motion to the only a radial direc-
tion. Testing on the more stout torus demonstrated sim-
ilar agreement with theory, though with a small amount
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Figure 16. Results of underwater deployment tests of a
tension cone [24].

tension cone model exhibited drag force oscillations with
an amplitude of 10% and a frequency of 3-4 Hz. This
behavior was attributed to the fabricated shape of the ten-
sion shell being poorly suited for low-subsonic flow. Se-
vere surface wrinkling on the tension shell surface was
noted and would indicate that circumferential loads be-
yond those assumed in the tension shell shape derivation
were present.

4. CURRENT TENSION CONE DEVELOPMENT

of conservatism. The stout torus was also used to evalu- The current efforts aimed at maturing the tension cone
ate the torus pressure at which the torus recovered from concept are primarily being pursued by The Program to
buckling. Required recovery pressures were consistently Advance Inflatable Decelerators for Atmospheric Entry
lower than predicted and tended to decrease as multiple (PAI-DAE). Operated out of NASAs Langley Research
failures and recoveries were performed, thus hinting at a Center, PAI-DAE has initiated several projects that will
"memory” characteristic of the structure. Results from advance the state of the art of entry systems for the ben-
the toggle harness were not reported as the test appara-efit of future robotic and human missions. Among these
tus was determined to be too restrictive of both buckling projects is the evaluation of a flexible tension cone. The

mode behaviors.

Kyser's study of tension cones also entailed the devel-
opment of a model to predict the required torus pres-
sure needed for tension cone deployment [24]. In his
model, Kyser assumed that deployment was dependent
on the torus developing a "hinge moment” sufficient to
recover from an initially folded orientation. Simulations
of tension cone deployment were performed using an in-
flatable model deployed underwater at dynamic pressures
up to 250 psf. Deployment behavior during these tests
was observed to be better than predicted and the torus
pressures required to fully deploy the tension shell were
roughly 60% of that estimated from the derived model, as
shown in Figure 16. Buckling modes induced at higher
dynamic pressure were more benign than in the vacuum
bag tests and tended to occur much more gradually. How-
ever, considerable elastic motion in the form of pitching
and pumping of the inflated torus was observed and the

development path being pursued by PAI-DAE for the ten-
sion cone IAD includes a series of wind tunnel tests that
will provide data for the characterization of its perfor-
mance and the validation of analyses. The first batch of
testing will be conducted at the Unitary Plan Wind Tun-
nel at Langley Research Center and will consist of force
and moment data gathering using a fully rigid tension
cone model. The test objectives include the determina-
tion of the static aerodynamic coefficients, determination
of the shock position and behavior, and a qualitative as-
sessment of the stability of the flow field around the ten-
sion cone. The particular configuration being tested is
shown in Figure 17. Key dimensions and parameters for
this model are shown in Table 1. The planned entry date
for this test is in mid-October of 2007. A follow on test
of a similarly dimensioned rigid pressure model is cur-
rently planned for November of 2007. This model will
include approximately 81 pressure ports located across
the surface and backside of the model. These ports will
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